The Lake Tana basin hosts more than three million people and it is well known for its water resource potential by the Ethiopian government. The major economic activity in the region is agriculture, but the effect of agricultural crops on water resources is poorly understood. Understanding the crop water interaction is important to design proper water management plans. Therefore, the primary objective of this research is to investigate the effect of different agricultural crops on the spatial and seasonal variability of water balance components of Gilgelabay, Gumara, and Ribb catchment areas of Lake Tana basin, Ethiopia. To this end, the hydrologic model SWAT (Soil and Water Assessment Tool) was used to simulate the water fluxes between 1980 and 2014. The water balance components, which were mapped for each hydrologic response unit, indicated the spatial variations of water fluxes in the study. Cereal crops like teff and millet had significant effect in enhancing groundwater recharge, whereas leguminous crops like peas had significant impact in increasing runoff generation. Moreover, the model outputs showed that the total streamflow is dominated by baseflow and about 13%, 9%, and 7% of the annual rainfall goes to the deep aquifer system of Gilgelabay, Gumara, and Ribb catchment areas, respectively. Key words | groundwater recharge, Lake Tana, land use land cover, SWAT Australia, New Zealand, and South Africa. Li et al. () also studied the spatio-temporal impacts of land use and land cover changes on the hydrology of the Wei River basin, China.
INTRODUCTION
Agriculture, food production, and water are inseparably linked (Watts et al. ) . Water use in agriculture accounts for 70% of the global total water use (Hatfield ) . Consequently, it has a significant impact on the water balance components. Agricultural land use affects the hydrologic cycle in terms of the partitioning of rainfall between evapotranspiration (ET), runoff, and groundwater recharge (Watts et al. ) . The quality of surface water and groundwater has generally declined in recent decades mainly due to an increase in agricultural and industrial activities (Parris ) . The complete drying up of Haramaya Lake in Eastern Ethiopia since 2005 is an example of the consequences of decreasing groundwater levels due to over-pumping for agriculture and household use (Abebe et al. ) . To prepare for the future and avoid past mistakes, modeling the effect of agricultural crops on the spatial and seasonal variation of water balance components is required. Although several water balance studies have been performed globally, only a few of them focused on the effect of agricultural crops on water balance components. For example, Zhao et al. Due to the complex physical processes of the hydrologic cycle, direct measurement of the water balance components such as groundwater recharge, evapotraspiration, and surface runoff on a spatial basis is difficult. Therefore, process-based distributed parameter models are needed to simulate the spatial and temporal patterns of hydrologic response (Jiang et al. ) . Among others, the semidistributed Soil and Water Assessment Tool (SWAT) hydrologic model (Arnold et al. ) is suitable to determine recharge rate, ET, and runoff on various spatial and temporal scales (Gemitzi et al. ) .
Because of its national and international importance, the Lake Tana basin has become a focus area of many scientific studies under different perspectives. These include water balance analyses of different sub-catchments including the lake Most of the hydrological studies in the Lake Tana basin focus on water balance evaluations at catchment outlets and lack detailed mapping of water balance components on a spatial basis. Another important research gap is that the hydrologic studies do not investigate the hydrologic mass balance in relation to vegetation types (van Griensven et al. ) . Although the SWAT model was used to investigate the effect of land use change on the hydrology of the basin, none of the papers explicitly addressed the croprelated effects on the water fluxes. Hence, the overarching goal of this research is to analyze how the hydrologic mass balances are affected by agricultural crops and soil types. In particular, we focus on the spatial and seasonal distribution of groundwater recharge, surface runoff, and actual ET in the Gilgelabay, Gumara, and Ribb catchments, Lake Tana basin, Ethiopia. To the best of our knowledge, this is the first attempt to (i) analyze the impact of agricultural crops on the hydrologic cycle and (ii) map major water balance components in the Lake Tana basin in detail.
MATERIALS AND METHODS

Study area
The Lake Tana basin is located in the north-western highlands of Ethiopia. It is the second largest sub-basin of the Blue Nile River. Lake Tana is the largest freshwater lake in Ethiopia and the third largest in the Nile basin ( Figure 1 ).
The catchment area of the lake at its outlet is 15,321 km 2 .
About 20% of the catchment area is covered by Lake Tana The spatial and temporal variation of rainfall in the basin is determined by elevation and the movement of the inter-tropical convergence zone (ITCZ). The position of the ITCZ is the most dominant factor that controls the amount of summer rainfall in the basin. In the Lake Tana basin, rainfall has a high seasonal variability: July, August, and September are wet months with the highest amounts of rainfall when the ITCZ position is in the northern hemisphere. June and October are transition months between wet and dry seasons, November through March belong to the dry season, and April and May are months with small rainfall amounts. There is also high spatial variability of annual, seasonal, and monthly rainfall amounts in the study area because of small changes in the location of the ITCZ (Woldesenbet et al. ) . Additionally, topography has a pronounced impact on rainfall amounts in the region. The topography varies significantly from lowland flood plain (1,700 m) to high mountain ranges (4,400 m).
This variation leads to annual rainfall variability and occurrence of different climatic zones within the basin (Melesse et al. ) . The amount of annual rainfall is directly related to elevation above mean sea level: high rainfall is observed in the highlands, whereas low rainfall is measured in 
Data base
Daily rainfall and minimum and maximum temperature values from five meteorological stations for the years 1980 to 2014 were used, which were provided by the National Meteorological Service Agency (NMA ). Land use and land cover as well as soil data at a scale of 1:50,000 were provided by the Amhara Design & Supervision Works Enterprise (ADSWE ). About 60.2% of the basin is covered by agricultural land. This area is further classified as intensively cultivated (37.3%), moderately cultivated (16.0%), and farm villages (6.9%) ( Figure 2 ). The soils in the study area are highly heterogeneous. Eutric Leptosols cover around 50% of the total area followed by Eutric Nitosols (13%). The soil textural classes vary from sandy-loam to clay (Eutric Regosols are grouped to sandy-loam, Eutric 
Daily streamflow data of
Hydrologic modeling
To achieve the research goal of the current study, the semi-dis- 
Model calibration and validation
The most sensitive parameters that have an impact on streamflow were selected using the Sequential Uncertainty (Table 4 ). The good fit of observed and simulated streamflow was also indicated by the flow duration curves ( Figure 3 ) and hydrographs ( Figure 4) . The low and middle flows showed a good agreement between the observed and simulated values. On the contrary, the flow duration curve segment from 5% to 20% exceedance probability indicated an underestimation of streamflow by the model, especially in the Gilgelabay and Gumara catchments.
Impacts of agricultural crops on water balance components
General water balance
The water balance can be used to characterize a catchment.
Rainfall is the only input variable of the water balance equation in our modeling approach. ET and water yield are the main modeled output components of the water balance. In addition, we analyzed SURQ (surface runoff) and recharge. In all three catchments, more than 75% of the hydrological processes are taking place during the wet (summer) season. The simulated annual values indicated that the mean ET loss of the catchments accounts for 54%
(Gilgelabay) and 44% (Gumara and Ribb) of the annual rainfall. Water yield from the HRUs accounted for about 45%, 53%, and 54% of the rainfall in Gilgelabay (759 mm), Gumara (783 mm), and Ribb (832 mm) catchments, respectively. The annual share of water yield from annual rainfall at the HRU level varied within each catchment ( Figure 5 ) from 14% to 65% (Gilgelabay), 44% to 65% (Gumara), and 43%
to 65% (Ribb). The groundwater return flow contributed more than 50% of the water yield in each catchment. Figure 6 ). The inter-catchment comparison indicated that the annual ET losses in Gilgelabay catchment were significantly higher than in Gumara and Ribb catchments with differences varying between 104 mm and 133 mm. These can be explained by the significant variation of rainfall inputs between Gilgelabay and the other two catchments. On the contrary, the differences between Gumara and Ribb ranges from 2 mm to 26 mm were statistically insignificant.
Runoff analyses
Surface runoff varied considerably in time and space in the study catchments (Figure 7) . In all three catchments, about 90% of the total surface runoff was generated during the barley, and wheat). In addition to spatial variability, surface runoff varied seasonally (Figure 7 and Table 5 ). The annual pattern was mainly defined by the wet season and the surface runoff pattern in the dry season differed considerably from the annual and wet season pattern. Significant differences were observed between the three catchments regarding their runoff responses. Compared to Ribb and Gilgelabay catchments, the vast majority of annual and wet season runoff values of Gumara catchment were higher. The Ribb catchment also showed significantly higher runoff than the Gilgelabay catchment. Therefore, the Gumara catchment is highly susceptible for runoff,
whereas Gilgelaby is less susceptible compared to the other two catchments.
Recharge analysis
Quantifying groundwater recharge from agricultural land is important to maintain sustainable water use all over the world. It is highly important in areas like the Lake Tana of the total wet months recharge volume was contributed from corn-and teff-HRUs (corn, 29% and teff, 20%) as they covered a larger portion of the catchment (Table 1) .
These are mostly found in the south-western and western parts of the catchment that receive high amounts of rainfall ( Figures 5 and 9) . On the contrary, corn was among the LULC classes that had a low recharge rate in the case of Gumara (Figure 10 ). This indicated that other catchment properties also played a role in influencing recharge rates.
In the Ribb catchment, agricultural areas covered by teff had the highest average annual (614 mm) recharge to the shallow aquifer. Urban areas had the lowest groundwater recharge in both Gumara and Ribb catchments ( Figure 10 ).
For the Gilgelabay catchment, the mean annual groundwater recharge in medium density urban areas was higher compared to other land uses due to the highest rainfall input, but its percent share of rainfall was the lowest of all (Figures 7 and 9) .
The MK trend test was applied to test for significant changes on inter-annual variabilities of the hydrologic fluxes. The MK test results showed that there were no significant changes on the inter-annual variabilities of water balance components (p-value >0.05). In general, ET is less affected by the interannual rainfall variability as compared to the other variables.
However, a rainfall deficit (e.g., in 1991) has a stronger effect on ET than a rainfall surplus (e.g., 2006 ). (Figures 3 and 4) . The patterns of simulated and observed streamflows indicated consistency between each other for both calibration and validation periods. However, there are slight differences The NSE for Gilgelabay catchment showed the lowest performance (0.53) compared to the other two catchments (Table 4) , which also pointed to the disparity on the high flow segment of the FDC as NSE is known to give higher weights to high flows than to low flows (Guse et al. ).
DISCUSSION
The underestimation of high flows can, to a lesser extent, be seen in the FDC for Gumara, whereas the FDC for the Ribb catchment indicates a much closer match.
The spatial and seasonal distribution of the modeled hydrological components groundwater recharge, surface runoff, water yield, and ET was analyzed. However, an independent validation of the spatial distribution of ET and water yield was not possible due to a lack of measured data. The accuracy of the derived patterns of ET and water yield relies on the model validity, which was tested with measured streamflow data at the catchment outlet using a multi-metric approach and flow duration curves. In The spatial dynamics of the hydrologic components for Gilgelabay catchment showed similar patterns to the differing rainfall input. The sub-basins located on the southern and south-western parts of the catchment have the highest amount of rainfall and are characterized as a high groundwater recharge and surface runoff zone (Figures 5, 7, and 9 ). still less than forest (60%) ( Figure 6 ).
The overall mean annual ET loss from annual rainfall accounts for 54% in Gilgelabay and for 44% in Gumara and Ribb. Setegn et al. () reported that more than 60% water is lost as ET. This variation could be due to the differences in the model setups and periods of simulation, as well as variation of the LULC data that were used.
Setegn et al. () used a single SWAT model for the whole Lake Tana basin with 10%, 20%, and 10% threshold values of LULC, soil, and slope, respectively, whereas the current study was carried out by setting up three independent models for Gilgelabay, Gumara, and Ribb catchments using highly refined LULC data (with no threshold limit for LULC, soil, and slope). Our findings showed significant dynamics of the hydrologic components between the wet and dry seasons. More than 90% of the groundwater recharge and surface runoff and about 49% of the ET took place during the wet season. This implies that the influence of rainfall for the hydrologic processes in the region is significant. The total streamflow values are dominated by the baseflow in all the three catchments (73%, 62%, and 60% of the total streamflow in Gilgelabay, Gumara, and Ribb, respectively The Gilgelabay catchment, which is the largest of the three, had the highest baseflow contribution, whereas the Ribb catchment, which is the smallest catchment, had the lowest baseflow contribution to streamflow. The annual deep groundwater recharge accounts for 13%, 9%, and 7% of annual rainfall for Gilgelabay, Gumara, and Ribb, respectively. The order of the amount of deep groundwater recharge is in agreement with the order of the fitted values for RCHRG_DP in our model (Table 3) . These results are in line with Wosenie et al. () , who reported that the Gilgelabay catchment had higher groundwater recharge rates than the Gumara catchment.
SUMMARY AND CONCLUSION
In this study, the impacts of agricultural crops and other LULC classes on the major water balance components were investigated in the Gilgelabay, Gumara, and Ribb catchment, Lake Tana basin, Ethiopia.
Our findings show that the spatial and seasonal values of ET in the Gilgelabay catchment were significantly different from the values in Gumara and Ribb. Likewise, the groundwater recharge and surface runoff values revealed significant spatial and seasonal variations between the three catchments. On the contrary, the ET values between Gumara and Ribb catchments showed insignificant variations. Compared to Gilgelabay and Ribb, the Gumara catchment showed high susceptibility for runoff, whereas
Gilgelaby is less susceptible compared to the other two catchments. As well, the results showed that there were no significant differences in the inter-annual variabilities of ET, surface runoff, water yield, and groundwater recharge.
In summary, our findings highlight the significance of considering agricultural crop classes in the application of hydrologic models, which often rely on only one generic agricultural class. The vast majority of the agricultural crop classes had a significant effect on the water balance components. On the one hand, cereal crops had higher rates of groundwater recharge compared to others like leguminous and mixed crops. On the other hand, leguminous crops like peas had a significant impact on increasing runoff generation. Therefore, expansion of agricultural crops like pea may be discouraged as they favored surface runoff generation, which in turn, may lead to a higher erosion risk. In this regard, the present research approach could be extrapolated to similar catchments in Ethiopia and other African countries where agricultural land use dominates.
Moreover, for future impact assessment of agricultural crops on water balance components, a time series LULC could provide further insights into inter-annual impacts on the water resources. In addition, it is recommended to incorporate climate change in future assessments of groundwater
